The mechanisms of perception of arsenic (As)-induced stress and ensuing tolerance in plants remain unresolved. To obtain an insight into these mechanisms, biochemical and transcriptional profiling of two contrasting genotypes of Brassica juncea was performed. After screening 14 varieties for As tolerance, one tolerant (TPM-1) and one sensitive (TM-4) variety were selected and exposed to arsenate [As(V)] and arsenite [As(III)] for 7 d and 15 d for biochemical analyses. The tolerant variety (TPM-1) demonstrated higher accumulation of As upon exposure to both 500 mM As(V) and 250 mM As(III) [49 mg g 21 and 37 mg g 21 dry weight (dw) after 15 d] as well as a better response of thiol metabolism as compared with the responses observed in the sensitive variety (TM-4). Transcriptional profiling of selected genes that are known to be responsive to sulphur depletion and/or metal(loid) stress was conducted in 15-d-old seedlings after 3 h and 6 h exposure to 250 mM As(III). The results showed an up-regulation of sulphate transporters and auxin and jasmonate biosynthesis pathway genes, whereas there was a down-regulation of ethylene biosynthesis and cytokinin-responsive genes in TPM-1 within 6 h of exposure to As(III). This suggested that perception of As-induced stress was presumably mediated through an integrated modulation in hormonal functioning that led to both short-and long-term adaptations to combat the stress. Such a coordinated response of hormones was not seen in the sensitive variety. In conclusion, an early perception of As-induced stress followed by coordinated responses of various pathways was responsible for As tolerance in TPM-1.
Introduction
Arsenic (As) is a ubiquitously present non-essential metalloid of serious environmental concern due to its everincreasing contamination. The sources of As include both natural (through dissolution of As compounds adsorbed onto pyrite ores into the water by geochemical factors) and anthropogenic (e.g. through use of insecticides, herbicides, and phosphate fertilizers, and from the semi-conductor industry) (Mondal et al., 2006) processes. However, the worst As contamination conditions encountered in Bangladesh and West Bengal, India have been created due to natural processes . As also finds its way into the food chain, e.g. into rice, through irrigation practices using contaminated groundwater (Meharg, 2004) . In this perspective, two strategies might help to counter the detrimental impacts of As: removal from the environment through efficient strategies such as phytoremediation and the development of safe crops that can be grown in contaminated environments. Both of these scenarios would require understanding of the mechanistic details of perception of As-induced stress and ensuing tolerance .
Studies have shown that exposure of plants to As interrupts several morphological, physiological, and biochemical processes including germination, shoot and root * To whom correspondence should be addressed. E-mail: sfdsouza@barc.gov.in or stanfdsouza@gmail.com ª The Author [2009] . Published by Oxford University Press [on behalf of the Society for Experimental Biology]. All rights reserved. For Permissions, please e-mail: journals.permissions@oxfordjournals.org growth, and biomass production (Ahsan et al., 2008) . Despite being a non-redox-active metalloid, As exposure also induces the generation of reactive oxygen species (ROS) (Srivastava et al., 2007; Mishra et al., 2008) through its intraconversion from one ionic form to other (Mylona et al., 1998) and hence causes lipid peroxidation and associated toxicity. To combat As stress, plants modulate a number of pathways that operate not only to keep the cellular concentration of free metalloid ion to a minimum level (primary detoxification, e.g. thiolmediated complexation; Bleeker et al., 2006) but also to prevent/repair any damage caused due to the presence of free ions at any point of time (secondary detoxification, e.g. antioxidant-mediated ROS quenching; Srivastava et al., 2007) . The As tolerance potential of a plant, based on such a concerted response of various pathways, would also depend on an early perception of As-induced stress. Recent studies (Catarecha et al., 2007; Abercrombie et al., 2008) have demonstrated that As(V) exposure represses the genes induced by phosphate starvation through acting as a chemical analogue of phosphate and concluded that plants have evolved an As(V)-sensing system which acts in opposition to the phosphate-sensing mechanism. However, the precise mechanisms of perception of As-induced stress in plants are yet to be investigated.
A major strategy to detoxify As is to chelate it via sulphur-containing ligands such as glutathione (GSH) and phytochelatins (PCs; polymers of GSH) (Bleeker et al., 2006) , followed by sequestration of the complexes in the vacuoles (Raab et al., 2005) . An increase in the synthesis of PCs under As stress has been observed in hypertolerant, hyperaccumulator, as well as non-hyperaccumulator plants (Hartley-Whitaker et al., 2001; Cai et al., 2004; Srivastava et al., 2007; Mishra et al., 2008) . Rapid de novo synthesis of PCs under metal(loid) stress therefore requires an increase in GSH biosynthesis, which in turn depends on an enhancement of sulphur assimilation into cysteine (Rother et al., 2008) . It thus appears that exposure of plants to metal(loid) might lead to sulphur deficiency and could mimic the responses induced by sulphur starvation of plants. In the present study, an array of genes was therefore analysed, including those related to hormonal pathways, known to be induced in response to sulphur depletion and/ or metal(loid) exposure, after 3 h and 6 h of exposure of Brassica seedlings to As. Brassica juncea was chosen for the present study since it is a fast growing high biomass plant having significant potential for metal(loid) accumulation and hence is a suitable candidate for phytoremediation prospects . The analysed genes included those for sulphate transporters (SULTR2;1 and SULTR4;1), 12-oxophytodienoate reductase (OPR1), tryptophan synthase (TSB2), myrosinase (TGG2), nitrilase (NIT3), methionine synthase (METS), S-adenosylmethionine synthetase (SAM-2), and cytokinin response 1 (CRE1). Plant hormones are known not only to control plant growth and development (Maruyama-Nakashita et al., 2004) but also to respond to various abiotic and biotic stresses (Wang et al., 2002) . However, to the best of our knowledge, no study has been performed to date to elucidate the responses of hormones in order to determine whether or not they have a role in the perception of stress induced upon exposure to As. In order to obtain an insight into these mechanisms, indepth biochemical and transcriptional profiling of two contrasting genotypes of B. juncea was performed in the present study.
Materials and methods

Plant material and treatment conditions
A total of 14 varieties of B. juncea, namely TPM-1, TM-2, TM-4, Rohini, Vardan, Vaibhav, Varuna, GM-1, GM-3, Ashirwad, RL-1359, RH-30, Maya, and Urvashi, were screened for tolerance to As on the basis of germination and seedling growth. Selection of varieties was done on the basis of their widespread cultivation range in the country from the view point of their prospective application as phytoremediators in the future. Seeds were sterilized in 30% ethanol for 3 min and washed thoroughly with doubledistilled water to remove any traces of ethanol. Twenty-five sterilized seeds were put on to each Petri plate on a moist cotton bed and watered with 50% Hoagland nutrient medium (Hoagland and Arnon, 1950) with or without As(V) (0, 50, 500, and 1000 lM; prepared using the salt Na 2 HAsO 4 ). Petri plates were kept in the dark for 1 d and then transferred to the light (a 12 h photoperiod) with a day/night temperature of 2562°C and relative humidity of 70%. After 7 d, the number of germinated seeds was counted and root and shoot lengths were measured using a metric scale. After preliminary screening, the variety TPM-1 was selected as the tolerant variety and TM-4 as the sensitive variety. The tolerance and sensitive characteristics of these varieties were re-confirmed by subjecting them to both As(V) (0-1000 lM) and As(III) (0-100 lM; prepared using the salt NaAsO 2 ) stress. Then, the two selected varieties were grown in the field in plastic pots containing 1 kg of soil (clay loam containing 45 mg kg À1 available nitrogen, 30 mg kg À1 available potassium, 25 mg kg À1 available phosphate, and 8 mg kg À1 available sulphate-sulphur at pH 6.6). Seeds were spread in the pot and allowed to grow until the appearance of the first photosynthetic leaves (15 d). Then, seedlings were subjected to As(V) (50 lM and 500 lM) and As(III) (25 lM and 250 lM) stress for a period of 7 d or 15 d. At each harvesting period, shoots of seedlings were washed thoroughly with double-distilled water and were used for the analysis of various parameters.
Quantification of arsenic
Total As in the shoots of seedlings was estimated after digestion of oven-dried plant material (100 mg) in 1 ml of concentrated HNO 3 on a heating block at 180°C for 1 h and subsequently at 200°C to evaporate the samples to dryness . The residue was dissolved in 10 ml of demineralized water. As concentrations were determined on an atomic absorption spectrophotometer (GBC 906AA, Australia) coupled to a GBC hydride generation system (HG3000).
Assay of metabolites and enzymes of thiol metabolism
Estimation of cysteine and non-protein thiol (NP-SH) levels was performed following Gaitonde (1967) and Ellman (1959) , respectively, as described previously (Mishra et al., 2006) . For estimation of reduced (GSH) and oxidized (GSSG) glutathione, plant material (500 mg) was frozen in liquid nitrogen and homogenized in 0.1 M phosphate-EDTA buffer (pH 8.0) containing 25% meta-phosphoric acid. The homogenate was centrifuged at 20 000 g for 20 min at 4°C. GSH and GSSG contents were determined fluorometrically in the supernatant after 15 min incubation with o-phthaldialdehyde (OPT) (Hissin and Hilf, 1976) . Fluorescence intensity was recorded at 420 nm after excitation at 350 nm on a fluorescence spectrophotometer.
For enzymatic assays, plants were homogenized in buffers specific for each enzyme under chilled conditions. The homogenate was squeezed through four layers of cheese cloth and centrifuged at 12 000 g for 15 min at 4°C. The protein content of the supernatant was measured following Lowry et al. (1951) . The assay of serine acetyltransferase (SAT; EC 2.3.1.30) activity was performed following Blaszczyk et al. (2002) . The reaction mixture contained 63 mM TRIS-HCl (pH 7.6), 1.25 mM EDTA, 1.25 mM DTNB [5,5#-dithiobis-(2-nitrobenzoic acid)], 0.1 mM acetylCoA, 1 mM L-serine, and a suitable amount of extract. The rate of the reaction was followed at 412 nm. An enzyme unit was considered as the amount of enzyme catalysing the acetylation of 1 pmol of L-serine per minute. The reaction mixture for the assay of cysteine synthase (CS; EC 2.5.1.47) contained 50 mM phosphate buffer (pH 8.0), 4 mM sodium sulphide (Na 2 S), 12.5 mM O-acetyl L-serine, and a suitable aliquot of enzyme extract. After 30 min incubation at 30°C, the reaction was terminated by the addition of 0.1 ml of 7.5% trichloroacetic acid (Saito et al., 1994) , and the amount of cysteine synthesized was determined following Gaitonde (1967) .
For the assay of c-glutamylcysteine synthetase (cECS; EC 6.3.2.2) activity, the reaction mixture contained 0.1 M TRIS-HCl (pH 8.0), 150 mM KCl, 2 mM EDTA, 20 mM MgCl 2 , 5 mM Na 2 ATP, 2 mM phosphoenolpyruvate, 10 mM L-glutamate, 10 mM L-a-aminobutyrate, 0.2 mM reduced NADH, 7 U ml À1 pyruvate kinase (ICN, USA), and 10 U ml À1 L-lactic dehydrogenase (Sigma, USA) (Seelig and Meister, 1984) . The reaction was initiated by the addition of enzyme extract. The activity of cECS was determined from the rate of formation of ADP (assumed to be equal to the rate of NADH oxidation; e¼6.2 mM À1 cm À1 , monitored at 340 nm). Assays of glutathione reductase (GR; EC 1.6.4.2), glutathione S-transferase (GST; EC 2.5.1.18), and c-glutamyl transpeptidase (GGT; EC 2.3.2.2) activities were performed following the methods of Smith et al. (1988) , Habig and Jacoby (1981) , and Orlowski and Meister (1973) , respectively, as detailed previously .
Statistical analysis
The experiments were carried out in a randomized block design. Two-way analysis of variance (ANOVA) was done on all the data to confirm the variability of data and validity of results. Duncan's multiple range test (DMRT) was performed to determine the significant difference between treatments (Gomez and Gomez, 1984) using SPSS 9.0.
RNA isolation and DNase treatment
RNA extraction was done using TRI reagent (Sigma, T 9424), as per the manufacturer's instructions. DNase treatment was carried out to remove genomic DNA contamination. The integrity and quantity of RNA were checked by electrophoresis of total RNA (1 lg) on a 1.2% denaturing agarose gel (Sambrook et al., 1989; Vincze and Bowra, 2005) .
Design of primers and optimization of concentration
All the primers used for the SyBr green real-time RT-PCR were obtained from the Arabidopsis thaliana RT-PCR primer pair database (Han and Kim, 2006) . Primers were obtained from Metabion International (Germany; www. metabion.com/). The specificity of all the primers was confirmed by sequence analysis of RT-PCR amplicons derived from B. juncea. Primer optimal concentrations for target and reference genes were determined with serial dilutions of cDNA obtained from 10 lg of RNA isolated from B. juncea seedlings subjected to 250 lM As(III) for 3 h and 6 h. For all the genes analysed, 12.5 pmol of the primer was used in 25 ll of PCR mix.
Real-time quantitative RT-PCR
DNA-free intact RNA (10 lg) was taken and then subjected to cDNA synthesis using a Stratagene high fidelity first-strand cDNA synthesis kit, as per the manufacturer's instructions (www.stratagene.com/). To minimize the potential effects of the efficiency of synthesis during the reverse transcription reaction, three separate cDNA syntheses were performed and pooled for each RNA preparation. The cDNAs were then stored at -20°C until used for real-time PCR. Two-step RT-PCR was chosen in order to avoid the problem of primer dimer formation, which is associated with one-step RT-PCR (Brownie et al., 1997) . The oligo(dT) primer was used for cDNA synthesis so that the same cDNA pool could be used for analysis of all the genes. Real-time quantitative RT-PCR was carried out using a Corbett rotor gene 3000 (Corbett Life Science, www. corbettlifescience.com/; Srivastava et al., 2009 ). The A. thaliana actin gene was amplified in parallel with the target gene, allowing for gene expression normalization and providing quantification. Before using it as a reference gene (Radoni et al., 2004) , it was verified that its level remained unchanged under all the given treatments. The PCR efficiency of the reference and target genes was also checked and found to be approximately equal in a range of 1.96-1.99 (Tichopad et al., 2003) . Detection of real-time RT-PCR products was done using a SyBr Green 23 Master Mix kit (S 4320, Sigma), following the manufacturer's instructions. The quantity of cDNA used as a template for PCR was 2.5 lg (the equivalent of 500 ng of total RNA). The PCR cycling conditions comprised an initial cycle at 50°C for 2 min followed by one cycle at 95°C for 10 min and 40 cycles each comprising 95°C for 30 s, 55°C for 45 s, and 72°C for 30 s, with slight modification for some of the genes. For each sample, reactions were set up in triplicate to ensure the reproducibility of the results.
Data analysis
At the end of each PCR run, a melting curve was generated and analysed with the dissociation curve software built into the Corbett rotor gene 3000. The melting curve obtained depends on the GC/AT ratio and the overall length of the amplicon. This analysis allowed products to be distinguished from one another and identification of primer dimers or other erroneous dsDNA (Ririe et al., 1997) . A relative expression ratio plot was generated using the software REST-MCS (Pfaffl et al., 2002) .
Results
Screening of Brassica varieties for tolerance to As
A total of 14 varieties of Brassica were screened for tolerance to As(V) (0-1000 lM exposure for 7 d) (Supplementary Fig. S1 availabler at JXB online). From these, TPM-1 was selected as the most tolerant variety and TM-4 as the most sensitive variety. Both varieties were compared for their germination and seedling growth in response to both As(V) (0-1000 lM) and As(III) (0-100 lM) (Supplementary Fig. S2 ). In response to 1000 lM As(V), the germination rate and root length declined by 36% and 65%, respectively, in TPM-1. Upon exposure to As(III), the germination rate did not decline significantly, whereas root length showed a significant decline only at 100 lM As(III). Shoot length of TPM-1 showed a slight increase with exposures to lower concentrations of both As(V) and As(III), followed by a decline at higher concentrations ( Supplementary Fig. S2 ). In contrast, TM-4 showed a progressive decline in all these parameters in response to both As(V) and As(III), with the maximum decreases being greater than that observed in TPM-1.
Accumulation of arsenic upon exposure to arsenate and arsenite
After preliminary screening, the varieties were grown in field conditions for As accumulation and biochemical analyses. Arsenic accumulation in the shoots of both varieties was found to correlate with exposure concentration and duration, with greater accumulation being seen in TPM-1 than in TM-4. The maximum As accumulation in response to As(V) was 49 lg g À1 dry wight (dw) in TPM-1 and 30 lg g À1 dw in TM-4 after 15 d. In response to As(III), the maximum As accumulation after 15 d was 37 lg g À1 dw in TPM-1 and 33 lg g À1 dw in TM-4 (Fig. 1) .
Effect of arsenic exposure on the level of total nonprotein thiols NP-SH levels increased significantly in the tolerant variety TPM-1 at 7 d and 15 d. The maximum increases of 215% and 170% in response to 500 lM As(V) and 250 lM As(III), respectively, were observed after 15 d. In contrast, TM-4 showed significant increases in NP-SH levels in response to both As(V) and As(III) exposure after 7 d but only upon exposure to As(V) after 15 d (Fig. 2) . Effect of arsenic exposure on the activities of sulphur assimilation enzymes and the level of cysteine
Various biochemical parameters were analysed at both concentrations of As(V) (50 lM and 500 lM) and As(III) (25 lM and 250 lM); however, for the sake of conciseness, only the results at the maximum concentrations are given. The activity of SAT (Fig. 3A) showed an increase in TPM-1 in response to As(V) and As(III) at both 7 d and 15 d, whereas in TM-4 it increased only after 7 d. The activity of CS (Fig. 3B ) and the level of cysteine (Fig. 3C ) also increased significantly in TPM-1 at both 7 d and 15 d. The maximum increases in CS and cysteine in response to 500 lM As(V) (96% and 177%) were observed after 7 d, whereas the maximum increases were seen in response to 250 lM As(III) (76% and 212%) after 15 d. TM-4 demonstrated an increase in CS activity upon exposure to As(V) after 7 d but a significant decline after 15 d. Upon exposure to As(III), CS activity showed an increase only after 15 d. In addition, cysteine levels of TM-4 increased significantly only after 7 d.
Effect of arsenic exposure on glutathione metabolism
TPM-1 demonstrated significant increases in cECS activity in response to As exposure at both 7 d and 15 d, whereas TM-4 showed a significant increase in cECS activity only in response to 500 lM As(V) after 15 d (Fig. 4A) . The level of GSH and the GSH/GSSG ratio also demonstrated a comparatively better response in TPM-1 than in TM-4 (Fig. 4B , C). After 7 d, the GSH level and GSH/GSSG ratio increased significantly in both varieties. However, after 15 d, both parameters demonstrated an increase in TPM-1 but a decline in TM-4. The activity of GR did not exhibit significant modulations in TPM-1 except the decline in response to 250 lM As(III) after 15 d. In TM-4, GR activity showed a significant decrease in response to As(V) after 15 d and in response to As(III) at both 7 d and 15 d (Fig. 5A ). GST activity did not exhibit much variation between varieties (Fig. 5B) . GGT activity in TPM-1 showed no significant change in response to As(V) but an increase in response to As(III) at both 7 d and 15 d, whereas in TM-4 it declined significantly after 15 d in response to both As(V) and As(III) (Fig. 5C ).
Real-time PCR analysis of selected genes
Transcriptional analysis of selected genes was performed in 15-d-old seedlings after 3 h and 6 h exposure to 250 lM As(III). The expression level of various transcripts in Asexposed seedlings was recorded in comparison with their expression in control plants (Fig. 6A, B) . Sulphate transporter genes, SULTR2;1 and SULTR4;1, showed a downregulation of 1.6-and 2.5-fold in TPM-1 after 3 h; however, their expression was significantly up-regulated by 6-and 2.4-fold after 6 h. On the other hand in TM-4, SULTR2;1 and SULTR4;1 showed an up-regulation of 1.9-and 1.2-fold within 3 h but the level of up-regulation decreased slightly after 6 h ( Fig. 6A, B ). OPR1 showed a downregulation in TM-4 at both time points, whereas it showed an up-regulation in TPM-1. Auxin pathway genes, TSB2, TGG2, and NIT3 showed an up-regulation of 1.2-, 3.7-, and 2-fold, respectively, in TPM-1 after 6 h. In contrast, TM-4 showed significant down-regulation of ;2-fold in these genes after 6 h. METS and SAM-2 showed significant down-regulation upon As exposure in TM-4 (;5-and 9.6-fold, respectively, after 6 h). In TPM-1, expression of METS was found to be up-regulated after 3 h but downregulated after 6 h, while expression of SAM-2 was downregulated after both time periods. The CRE1 gene showed an ;2-fold down-regulation in both varieties after 6 h ( Fig. 6A, B) .
Discussion
Considerable variations are found among different varieties of a plant species with respect to tolerance of a stress that may be traced back to integrated responses of the entire metabolic machinery, such as those observed in the case of As-tolerant and As-sensitive ecotypes of Holcus lanatus (Hartley-Whitaker et al., 2001; Bleeker et al., 2006) . In addition, the tolerance capacity of a plant would also depend on an early perception of the stress that may be achieved through sensing of metal(loid) interactions with the status of essential micronutrients (Abercrombie et al., 2008) . It was hypothesized that owing to an involvement of sulphur-containing metabolites in As detoxification, a condition similar to sulphur depletion may set in at an early phase that must be sensed by a tolerant variety so as to initiate the series of responses. To test this hypothesis, biochemical and molecular analyses were conducted in two contrasting varieties of B. juncea. 
Arsenic accumulation and responses of metabolites and enzymes of thiol metabolism
Screening of the varieties was performed on the basis of seedling growth and germination rate since these parameters are considered to be more sensitive to any stress including As (Liu et al., 2005) and hence tolerance or sensitivity may be easily scored (Lee and Schroeder, 2002) . The selected tolerant (TPM-1) and sensitive (TM-4) varieties were analysed for accumulation and biochemical parameters after exposure to As. Significant accumulation of As in two varieties was found to correlate with both the concentration and duration of exposure. However, the level of As accumulation was higher in TPM-1 as compared with that observed in TM-4. This might be attributed to a greater As tolerance and detoxification capacity of TPM-1 as compared with that of TM-4. There is evidence that sulphate transporters can also mediate the transport of related oxyanions (Leustek, 1996) . Thus, higher expression of sulphate transporters (Fig. 6 ) might also account for greater As accumulation in TPM-1 than that observed in TM-4. Several lines of evidence point to the importance of thiols in As tolerance and detoxification (Cai et al., 2004; Mishra et al., 2008) . A large number of responses of genes involved in glutathione synthesis, metabolism, and transport have recently been recorded during transcriptomic analysis of rice plants challenged with As(V) stress (Norton et al., 2008) . In the present investigation, significant increases in the levels of NP-SH and cysteine and the activities of SAT and CS were observed at both 7 d and 15 d in TPM-1, which were positively correlated with As accumulation. The level of GSH, however, increased to a greater extent after 7 d than after 15 d, although the activity of cECS, a ratelimiting enzyme of GSH biosynthesis (Xiang and Oliver, 1998) , increased significantly at both time points. This may be attributed to an increase in consumption of GSH for the synthesis of PCs. Similarly to the present results, an upregulation of genes of the sulphur assimilation pathway, namely CS and cECS, was also recorded by Norton et al. (2008) in response to As(V) exposure in rice; however, they did not observe an increase in the expression of phytochelatin synthase. However, when the concentration of PCs was calculated by subtracting GSH from NP-SH (HartleyWhitaker et al., 2001), it was found that a significant accumulation of PCs also occurs at both exposure durations in TPM-1 (data not shown). This might either be due to a stimulation of phytochelatin synthase or be linked to a maintained high supply of GSH. The results of the present study thus indicate a stimulation of the whole sulphate assimilation pathway (Harada et al., 2001) . The observed increase in the activity of cECS in TPM-1 may be attributed to an early up-regulation of OPR1, one of the main enzymes of jasmonate biosynthesis. Jasmonate has been shown to activate glutathione biosynthesis genes in Arabidopsis (Xiang and Oliver, 1998) and is also known to be involved in regulation of plant responses to sulphur depletion (Nikiforova et al., 2003) . Thus, it seems that jasmonate might be one of the elements involved in perception and signalling of stress induced upon As exposure due to its responsiveness to sulphur depletion and ability to affect various target genes including those of other hormones, namely auxin (Grsic et al., 1999) . In contrast, TM-4 in general showed increases in metabolite levels and enzyme activities of thiol metabolism after 7 d but not after 15 d. Hence, thiolic responses did not positively correlate to As accumulation. At the molecular level, this might be attributed to the observed down-regulation of OPR1 (1.3-fold) within 3 h of exposure, indicating an absence of stress perception at an early stage of As exposure. In addition, the GSH/GSSG ratio also showed a significant increase at both durations in TPM-1 but only until 7 d in TM-4, although both varieties did not demonstrate an increase in GR activity. The lack of responsiveness of GR to As stress is in agreement with the transcriptomic results of Norton et al. (2008) in rice plants. Thus, it seems that stimulated GSH synthesis played a major role in maintaining a high GSH/GSSG ratio in TPM-1 (Noctor et al., 2002) . GSTs detoxify As toxicity through conjugation of As or metabolites (e.g. lipid peroxides) produced due to its toxicity with GSH. An up-regulation of up to 15 different GSTs has been demonstrated upon As(V) exposure in rice seedlings (Norton et al., 2008) . However, in the present study, GST activity was not stimulated to significant levels in most of the treatments in both varieties. In TPM-1, sufficient chelation of As with GSH and PCs would have led to low/no free As, and hence the need for stimulated GST activity might have declined. However, in the case of TM-4, no significant increase in GST activity may suggest a mechanism of sensitivity. Furthermore, upon high accumulation of As, an increase in demand for metabolites including cysteine has been suggested to necessitate dynamic degradation of GSH and PCs necessary for recovery of sulphide from the vacuole . The results regarding GGT activity also suggest that TM-4 plants were not able to sustain synthesis of thiols via dynamic recycling through an increase in GGT activity.
Plant responses to enhance sulphur uptake and root growth
An increase in expression of various sulphate transporters has been observed both upon As exposure (Norton et al., 2008) and under sulphur depletion (Buchner et al., 2004) . Sulphate transporters of group 1 are the high-affinity transporters that function to overcome sulphur-limiting conditions (Leustek, 2002) . Expression of these transporters is known to be negatively regulated by cytokinins through its receptor gene cytokinin response 1 (CRE1) (MaruyamaNakashita et al., 2004) . In addition, CRE1 is a negative regulator of lateral root growth of plants (Gonzalez-Rizzo et al., 2006) . Expression of CRE1 was therefore monitored as an indirect indicator of expression of group 1 sulphate transporters as well as root growth. Sulphate transporters from group 2 and 4 are involved in xylem loading of sulphate and its transport from root to shoot (Takahashi et al., 2000; Leustek, 2002) . In the present study, CRE1 expression was significantly down-regulated at both time points in TPM-1, suggesting indirectly a stimulation of group 1 sulphate transporters as well as root growth. The expression of SULT2;1 and SULT4;1 was significantly down-regulated after 3 h in TPM-1 but it reverted to being significantly up-regulated after 6 h. This may be explained by assuming that a rapid increase in As load within 3 h would lead to a higher sulphur demand in roots for localized As complexation (Heiss et al., 1999) , and hence there should be an up-regulation of group 1 sulphate transporters accompanied by down-regulation of SULTR2;1 and SULTR4;1. However, with an increase in time when As is transported to shoots and accumulates, a greater requirement of sulphur develops in shoots demanding an increase in the level of SULTR2;1 and SULTR 4;1 in addition to group 1 sulphate transporters. This visualized hypothesis was found to be true in TPM-1. In TM-4, expression of SULTR2;1 and SULTR4;1 was positively stimulated by As at both time periods, but expression of CRE1 was down-regulated only after 6 h. Hence, the hypothesis visualized for TPM-1 was not valid for TM-4. If we assume that As was translocated to shoots at a rapid rate generating greater sulphur demand in shoots than in roots within 3 h, then up-regulation of SULTR2;1 and SULTR4;1 after 3 h seems to be valid, but there was no upregulation of group 1 sulphate transporters at this time point. After 6 h, when the As concentration in shoots would have increased, there was no further increase in the level of up-regulation of SULTR2;1 and SULTR4;1, although group 1 sulphate transporters increased significantly. It thus suggests an inability of TM-4 to maintain proper sulphur supply according to the needs of the plant. Sulphur depletion also leads to long-term adaptations, such as through modulations of auxin biosynthesis (Nikiforova et al., 2005) , a hormone affecting root and shoot patterning (Muto et al., 2007) . It is suggested that a regulatory loop exists by which sulphate deficiency initiates the production of extra auxin, leading to increased root growth and branching, thus increasing root access to fresh supplies of sulphur (Nikiforova et al., 2005) . Auxin biosynthesis starts with tryptophan (Normanly et al., 1995) and proceeds through various pathways, such as via glucosinolates (Zhao et al., 2002) , which are hydrolysed sequentially by myrosinases and nitrilases (Kutz et al., 2002) to form indole acetic acid. In the present study, an up-regulation of TSB2, TGG2, and NIT3 genes was seen in TPM-1 after 6 h, whereas all these genes were down-regulated in TM-4. This indicates that in TPM-1 an increase in auxin level might have occurred to stimulate root growth in order to enhance the supply of sulphur for efficient detoxification of As. In addition, the synergistic effects of auxin and ethylene in the regulation of root hair development and growth are known (Wang et al., 2002; Rů žička et al., 2007) . Therefore, the expression METS (catalysing the synthesis of methionine) and SAM-2 [utilizing methionine to form S-adenosylmethionine (SAM), a precursor of ethylene] (Wang et al., 2002) was investigated. Sulphur depletion in A. thaliana seedlings leads to a decline SAM levels (Nikiforova et al., 2003) . In the present study, the expression of METS was not significantly affected after 6 h of exposure in TPM-1; however, expression of SAM-2 was significantly down-regulated at both time points. This would mean that within 3 h there was presumably a prominent decline in ethylene biosynthesis. Ethylene is known to affect root growth through its effect on auxin biosynthesis and the auxin transport machinery (Rů žička et al., 2007) . Thus, a decline in ethylene levels would mean an elimination of the negative impact on root growth. TM-4 also showed down-regulation of SAM-2 at both time points; however, the level of down-regulation was lower after 3 h, but higher after 6 h, than that observed for TPM-1. METS, on the other hand, showed significant down-regulation after both time periods. This, in addition to the observed down-regulation of CRE1 (a negative regulator of lateral root growth) after 6 h, suggests that with an increase in time TM-4 attempted to induce root growth. Visualizing the expression of various genes suggests that the responses to achieve an increase in the sulphur uptake and root growth took place at an earlier phase in TPM-1 as compared with that of TM-4. This might be a deciding factor in terms of tolerance or sensitive behaviour of the two varieties during long-term exposure.
Conclusions
The results of the present study thus conclude that As detoxification processes operate mainly through: (i) perception of the stress induced upon As exposure through modulation of signalling mechanisms including jasmonic acid, ethylene, auxins, and cytokinins to induce rapid changes as well as long-term adaptation responses; and (ii) activation of the detoxification processes via stimulation of sulphate assimilation pathways to achieve effective complexation of As (Fig. 7) . The present study demonstrated that some of the responses induced upon exposure to As actually mimic those seen under sulphur depletion conditions and thus indicate a possible mechanism of perception of As-induced stress through As-mediated changes in sulphur status.
Accession Numbers: Sequence data generated from all the RT-PCR amplicons can be found in the GenBank data libraries under the following accession number: FJ654732, 
